Abstract.
Objective: To determine the diagnostic accuracy of AD biomarkers while taking the imperfectness of the reference test into account.
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Methods: To determine the diagnostic accuracy of AD biomarkers and taking the imperfectness of the reference test into account, we have developed a Bayesian method. This method establishes the biomarkers' true value in predicting the AD-pathology status by combining the reference test and the biomarker data with available information on the reliability of the reference test. The new methodology was applied to two clinical datasets to establish the joint accuracy of three cerebrospinal fluid biomarkers (amyloid-␤ 1-42 , Total tau, and P-tau 181 ) by including the clinical diagnosis as imperfect reference test into the analysis. 1 Part of the data used in preparation of this article were obtained from the Alzheimer's Disease Neuroimaging Initiative (ADNI) database (http://adni.loni.usc.edu). As such, the investigators within the ADNI contributed to the design and implementation of ADNI and/or provided data but did not participate in analysis or writing of this report. A complete listing of nosis suffers from classification errors (misdiagnosis)
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[4] and the onset of the pathogenic process as reflected on a Bayesian analysis [17] . Likewise, the Center for 
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The second data set consisted of Alzheimer's Dis- (181P)) and using the xMAP platform (Luminex Corp, Austin, Texas) and INNO-BIA AlzBio3 reagents at VUmc and ADNI, respectively. Fig. 1 . Schematic summary on the construction of a receiver operating characteristic (ROC) curve and interpretation of the area under the ROC curve (AUC). The ROC curve is a plot of the sensitivity and (1-specificity) for each value of a continuous diagnostic marker. AUC can be interpreted as the probability that, for a randomly selected pair of non-AD and AD subjects, the value of the score for the AD subject will be larger than the value of the non-AD subject. For a score that perfectly separates non-AD and AD populations, the value of AUC is equal to 1, corresponding to the ROC curve passing through the (0,1) point, i.e., the point corresponding to a diagnostic test with 100% sensitivity and 100% specificity. For a score that has no discriminative ability, the value of AUC is equal to 0.5, corresponding to a ROC curve along the diagonal line. TP, true positive; FP, false positive; TN, true negative; FN, false negative. diagnostic performance of this score, the area under the In our analyses, we made the 'conditional inde-252 pendence assumption', i.e., we assumed that AD 253 biomarkers and clinical diagnosis do not misclassify (Fig. 3a) . The first prior distribution implied that 277 the probability that the AUC was larger than 0.7 and 278 0.9 was equal to 90% and 30%, respectively. This dementia setting; another study [30] reported much 290 worse sensitivities ranging from 39% to 95% and speci-291 ficities ranging from 33% to 100%. Based on those 292 data, we formulated two prior distributions (Fig. 3b) .
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The first, 'optimistic' prior in accordance with [4, 28, 294 29], suggested a sensitivity and specificity of about 295 90%, with 5% probability that sensitivity and speci-296 ficity were below 80%. The second, more 'skeptical' 297 prior, in accordance with [30] , was centered at 59%, 298 with a 95% probability that sensitivity and specificity 299 were larger than 25%. The 'skeptical' prior assumed First, the data were analyzed using logistic regres-325 sion, a methodology that is often applied to evaluate 326 AD biomarkers' performance [31, 32] . A diagnostic After fitting the models, the median AUC was 
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RESULTS
360
Figure 4 shows the ROC curves for different analy-361 ses of the VUmc data (grey) and ADNI data (black).
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In particular, it shows the curves for the analysis using and by assuming an imperfect reference test (solid).
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Note that the latter were obtained by using the 'skep-367 tical' AUC prior and 'optimistic' priors for sensitivity 368 and specificity of the clinical diagnosis.
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The ROC curves for the logistic regression are close This effect can be intuitively explained as follows.
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With an imperfect clinical diagnosis, some individuals All statistical analyses rely on assumptions. (Fig. 4) were identical for VUmc and ADNI datasets,
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the numerical values of the AUC estimates were not.
510
For each of the three models, the combined biomark-511 ers' AUC was higher for the VUmc data than for the 512 ADNI data. This difference is most likely due to the 513 higher age of the ADNI subjects (on average about 10 514 years older than VUmc subjects), as it is well-known 515 that the diagnostic accuracy of CSF AD biomarkers 516 decreases with age [38] .
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The new methodology can now be used for re- 
